Interest in manipulating the gut microbiota to treat disease has led to a need for 20 understanding how organisms can establish themselves when introduced into a 21 host with an intact microbial community. While probiotic or prebiotic approaches 22 typically lead to a transient pulse in an organism's abundance, persistent 23 establishment of an introduced species may require alternative strategies. Here, 24 we introduce the concept of orthogonal niche engineering in the gut, where we 25 include a resource typically absent from the diet, seaweed, to establish a 26 customized niche for an introduced organism. We show that in the short term, co-27 introduction of this resource at 1% in the diet along with an organism with 28 exclusive access to this resource, B. plebeius DSM 17135, enables it to colonize 29 at a median abundance of 1%, frequently increasing in abundance to 10 or more 30 percent. We construct a mathematical model of the system to infer that B. 31 plebeius competitively acquires endogenous resources. We provide evidence 32 that it competes with native commensals to achieve its observed abundance. We 33 observe a diet-dependent loss in seaweed responsiveness of B. plebeius in the 34 long term and show the potential for IgA-mediated control of putative invaders by 35 the immune system. These results point to the potential for diet-based 36 intervention as a means to introduce target organisms, but also indicate potential 37 modes for failure of this strategy in the long term. 38
INTRODUCTION

Introduction of B. plebeius into the digestive tract of mice 145 146
To assess the feasibility of introducing B. plebeius into the GI tract of mice, we 147 ran an experiment with four groups of outbred female Swiss mice co-housed by 148 treatment. The treatment groups were as follows: (1) mice that were gavaged at 149 the beginning of the experiment with 10 7 CFU of B. plebeius (B. plebeius only), 150 and mice that were gavaged with B. plebeius and (2) fed seaweed continuously 151 (seaweed) or (3) delivered pulses of seaweed with four days on and four days off 152 (pulsed), and (4) mice that were fed seaweed but not gavaged with B. plebeius 153 (control) (Figure 2A ). We chose outbred mice in order to reduce the likelihood of 154 observing genotype-specific signals in colonization by B. plebeius. Animals were co-housed by treatment to improve exchange of B. plebeius via coprophagy, to 156 reduce probability of stochastic extinctions, and to select for the fittest genotype 157 across all animals, rather than a single-animal optimized genotype. 158 159 From each mouse, fecal samples were collected daily for a 35-day period, and a 160 subset of these samples was processed for V4 16S rDNA amplicon sequencing. 161
Follow-up samples from 2 months after cessation of the initial seaweed feeding 162 experiment were collected to determine whether B. plebeius persisted in mice 163 feces long after the initial treatment. During the experiment we did not note any 164 adverse affects on the mice across the treatment groups. 165 166 B. plebeius abundantly colonizes the GI tract of mice feeding ad libitum on 167 seaweed 168 169 We focused our sequencing efforts on the time series of 2 mice per treatment 170 group, each randomly selected from the gavaged and untreated (B. plebeius 171 only), gavaged and treated with 1% seaweed (seaweed), and gavaged and 172 treated with pulsed 1% seaweed (pulsed) groups. In the seaweed treated groups, 173 we expected to find enrichment for B. plebeius and dilution and eventually 174 extinction in the absence of seaweed. In the pulsed treatment, we expected that Indeed, at some points, B. plebeius rises in abundance to nearly 50% of the 183 whole community. As expected, we observe drops (albeit with somewhat 184 irregular patterns) in B. plebeius abundance that corresponded to removal of 185 seaweed from the diet, suggesting that its ability to maintain high abundance was 186 tied to the presence of this resource ( Figure 2C ). Even in mice that do not 187 receive seaweed, the non-native, human-derived, B. plebeius colonizes at low 188 levels, but frequently falls below the limit of detection, suggesting that it has 189 limited access to additional resources in the mouse gut to enable its persistence. seaweed is present as 1% (10 g/kg) of the diet, we make an argument using a 196 mass balance. Assuming the mass of an individual cell of B. plebeius is 1 pg, 197 obtaining the observed levels of B. plebeius in the mouse gut after seaweed 198 treatment (approximately 10 10 cells/g feces) requires a conversion efficiency on 199 the order of 100% (10 10 cells/g feces = 10 -2 g cells/g feces = 1 g cells/g seaweed * 0.01 g seaweed/g feces). The concentration of seaweed by the time it reaches 201 the colon is likely much greater than 1% (maybe 10% or more) as the host will 202 absorb nutrients from starch (at 40%) and casein (at 20%) in the diet. However, 203
achieving an efficiency of substrate usage between 10 and 100% is still 204 surprising (see Supplemental Information). These observations together 205 necessitate that B. plebeius is using alternative resources in the mouse gut and 206 that it is more effective at accessing these resources in the presence than in the 207 absence of seaweed. From a kinetic perspective, this scenario is easy to 208 imagine: initially by increasing abundance on seaweed substrates, cells of B. 209 plebeius have a numerical advantage in competing for other resources (see 210
Supplementary Information). 211 212
This result also necessarily predicts that B. plebeius competitively inhibits the 213 growth of other organisms if the total size of the ecosystem remains unchanged. 214
The total abundance of bacteria in the system appears to remain unchanged in 215 the presence or absence of seaweed as measured by qPCR. Keeping this in 216 mind, as B. plebeius increases in abundance in the system, we expect many 217 other sequence variants to decrease, and indeed, there is an enrichment for 218 negative correlations with B. plebeius in the seaweed-treated mice compared to 219 the untreated mice (309 negative correlations/328 total correlations with p < 0.01 220 for seaweed and pulsed groups and 9 negative correlations/30 total correlations 221 with p < 0.01 for the B. plebeius only group, -see Methods for details). There is also a slight enrichment for negative correlations in the continuous seaweed 223 group compared to the pulsed group. 224 225 There were few sequence variants that positively correlated with B. plebeius 226 abundance. We hypothesized that the abundance of organisms with similar 227 abundance and dynamic patterns might be constrained by the same limiting 228 resource. We found that A. muciniphila significantly positively correlated with B. 229 plebeius in two of the mice, one from the pulsed and one from the continuous 230 seaweed diets ( Figure 4A ), and had no temporal relationship in the absence of 231 seaweed. The remaining seaweed-treated mice both exhibited a decrease in A. 232 muciniphila abundance over time, with no significant correlation to B. plebeius. 233
Because A. muciniphila specializes in mucin degradation (Derrien, 2004), we 234 inferred that both organisms use mucin for growth, indicating both a resource-235 based niche and interaction with the mucus layer. Intriguingly, increases in A. 236 muciniphila abundance was associated with even greater increases in B. 237 plebeius abundance (i.e. the slope is greater than 1) ( Figure 4A ), suggesting that 238 A. muciniphila may in some way facilitate the growth of B. plebeius. Such growth 239 facilitation has been shown previously for A. muciniphila grown with other gut 240 commensals, including B. vulgatus, an organism incapable of using mucin on its 241 own (Png et al., 2010) . 242 243 244 Long-term B plebeius persistence is reduced in mice constantly fed seaweed 245
By providing access to a limited amount of resource, we could explain the high 247 level colonization of B. plebeius in the short term. We investigated whether this 248 advantage would hold in the long term as well. We examined the presence of B. 249 plebeius in mice two months after cessation of the initial seaweed-feeding period. 250
We collected baseline samples and resumed 1% seaweed treatment in the 251 groups that originally received seaweed. Surprisingly, although we observed 252 blooms (to nearly 50% of the community) of B. plebeius on resumption of 253 seaweed feeding in mice originally on the pulsed diet, there was no response of 254 B. plebeius in the mice originally on the continuous diet, and the median relative 255 abundance (1.6e-5) was just above the limit of detection for these animals 256
( Figure 3A and Figure 3B ). There was a single mouse in the pulsed seaweed 257 group that lost B. plebeius entirely, but there was still a significant difference in 258 the levels of B. plebeius between the GC and GP groups (p = 0.02, n = 5 GC 259 mice, n = 5 GP mice, Mann Whitney U Test) ( Figure 3A ), suggesting a differential 260 effect from the initial dietary regime on the long term responsiveness of B. To address whether the immune system may be involved in the apparent control 287 of B. plebeius, we flow-sorted and sequenced bacteria that were highly and lowly 288
IgA-bound, as described previously (Palm et al., 2014) . At the late time points, B. 289 plebeius was too low in abundance (< 1e-5) to detect in mice in the continuous 290 seaweed treatment group. We focused our IgA-Seq efforts on late time point samples from mice originally on the pulsed and B. plebeius only groups, for 292 which B. plebeius was detectable by qPCR. We failed to detect a signal of 293 differential IgA-binding of B. plebeius in the B. plebeius only mice ( Figure 4B) , 294
suggesting that IgA may not be important control mechanism for B. plebeius in 295 these animals. However, in the pulsed mice that still had B. plebeius, there is a 296 clear enrichment for this organism when it is present in the highly IgA-bound 297 fraction ( Figure 4B ). In fact, it is more IgA-bound than any other member of the 298 microbiota in one of these mice, suggesting that the binding was highly specific 299 to this organism. 300
301
While we hesitate to generalize these observations, it seems possible that the 302
IgA-binding of this organism is a response to its diet-induced abundance spike, 303 as in general the abundance of this organism remains low in the absence of 304 seaweed. The potential for diet-mediated IgA-targeting has previously been 305 reported for Enterobacteriaciae (Kau et al., 2015) . IgA-binding as a diet-microbe 306 interaction for a gut commensal has important implications for diet-based 307 manipulation of the microbiota, suggesting over-enrichment of certain organisms 308 may trigger an immune response. Further, introducing small amounts of 309 substrate to select for a specific microorganism may lead to its disproportionate 310 expansion even in a highly competitive setting. These findings emphasize the 311 importance of diverse substrates for maintaining a diverse microbiota. which, in contrast to classical virulence genes, might be rooted in the growth 371 response of organisms to dietary substrate, a trait that can differ even between 372 closely related strains because of the presence or absence of these PULs. 373
374
In general, dietary fiber seems to protect the mucus barrier from degradation by 375 gut bacteria (Desai et al., 2016) . However, seaweed as a substrate is unique: the 376 sulfate groups on agar and porphyran, when cleaved, can be reduced to sulfides. 377
Reduction of sulfates to sulfides by gut bacteria has previously been shown to 378 deplete the mucus barrier (Ijssennagger et al., 2015) , which may increase 379 exposure of bacteria to patrolling immune cells, boosting the likelihood that the 380 then-abundant organisms are targeted. However, fiber-induced mechanical 381 stress to epithelial cells may in general be sufficient to disrupt the mucus layer 382 (Miyake et al., 2006) , such that the interaction between a particular dietary substrate and growth of organisms that thrive on this substrate will lead to 384 preferential immune targeting of these organisms. The frequency-dependency of 385 this response calls for more investigation. 386 387 These results provide a first proof of concept for orthogonal niche engineering as 388 an approach to introducing bacteria into complex communities. Rational synbiotic 389 design will benefit from considerations of the interaction of introduced prebiotics 390 and probiotics with the rest of the biotic and abiotic community. In this system, 391 there is very clear positive selection for growth on seaweed given that the genes 392 were transferred from a marine bacterium to a gut commensal bacterium. But 393
having these genes appears to be able to induce negative selection through IgA-394 targeting when the substrate is abundantly available. Inducing a robust and 395 specific immune response may be a desirable feature of a microbial therapeutic, 396 allowing for reversible engraftment. It will be important to consider how off-target 397 effects through species-species, species-diet, and species-host interactions can 398 alter these responses. 
